Observation of flux qubit states with the help of a superconducting
  differential double contour interferometer by Nikulov, A. V.
ar
X
iv
:1
90
9.
09
46
0v
1 
 [c
on
d-
ma
t.s
up
r-c
on
]  
13
 Se
p 2
01
9
Observation of flux qubit states with the help of a superconducting differential double
contour interferometer
A.V. Nikulov
Institute of Microelectronics Technology and High Purity Materials,
Russian Academy of Sciences, 142432 Chernogolovka, Moscow District, RUSSIA.
The quantum states of flux qubit is suggested to observe with the help of a new device, the
superconducting differential double contour interferometer (DDCI). The flux qubit and the super-
conducting quantum interference device (DC-SQUID) are connected in the DDCI through the phase
of the wave function rather than through magnetic flux. The critical current of DC-SQUID should
change to the maximum value at the change of the flux qubit state thanks to this phase coupling.
A large jump in the critical current and voltage enables to observe continuously the change in time
the state of the flux qubit. This observation can have fundamental importance for the investigation
of the superposition of macroscopic quantum states.
1. INTRODUCTION
Superconducting flat loop interrupted by one or more
Josephson junctions is of great interest both in the con-
text of the extrapolation of the predictions of quantum
mechanics towards the macroscopic level [1–3] and as
qubit - possible elements in a future quantum computer
[4–7]. Such loop is known now as the persistent-current
qubit [8] or flux qubit [9, 10]. The flux qubit inter-
rupted by three Josephson junctions is investigated in the
most works [8–11]. The superconducting current through
the Josephson junctions Is1 = I1 sinϕ1, Is2 = I2 sinϕ2,
Is3 = I3 sinϕ3 is determined by their critical current
I1, I2, I3 and the phase difference between their bound-
aries ϕ1, ϕ2, ϕ3. In the stationary state, the currents
through the junctions in the closed loop must be equal
Is1 = Is2 = Is3 = Ip.
The phase differences are determined by the equation
ϕ1 + ϕ12 + ϕ2 + ϕ23 + ϕ3 + ϕ31 = 2πnq, which is de-
rived from the requirement
∮
l
dl∇ϕ = 2πnq that the com-
plex wave function must be single-valued Ψ = |Ψ|eiϕ =
|Ψ|ei(ϕ+n2pi) in any point of the loop. The phase change
ϕ12, ϕ23, ϕ31 along segments of the loop between Joseph-
son junctions is determined by the canonical momentum
of Cooper pairs p = (Ψ∗pˆΨ)/ns = −i~(Ψ∗∇Ψ)/ns =
~∇ϕ, which p = mv + qA depends on the velocity
Cooper pairs v and the vector potential A. The velocity
v = Ip/sqns is neglected, since the cross section s and the
density of Cooper pairs ns = |Ψ|2 in the loop segments
are great. Therefore ϕ12 + ϕ23 + ϕ31 ≈ qΦ/~ = 2πΦ/Φ0
and ϕ1+ϕ2+ϕ3 ≈ 2π(nq−Φ/Φ0), where Φ0 = 2π~/q =
π~/e is the flux quantum. Thus, the persistent current
Ip = I1 sinϕ1 = I2 sinϕ2 = I3 sinϕ3 is determined by the
magnetic flux Φ inside the loop and an integer quantum
number nq determining the state of the flux qubit. For
example
Ip ≈ Ic,J sin 2π
3
(nq − Φ
Φ0
) (1)
when the critical currents through the Josephson junc-
tions are equal I1 = I2 = I3 = Ic,J . The two states
nq = n
′ and nq = n
′ + 1 having a minimum and oppo-
sitely directed current Ip ≈ Ic,J sin(π/3 + δΦ/Φ0) and
Ip ≈ −Ic,J sin(π/3 − δΦ/Φ0) are considered in the the-
ory of the flux qubit at Φ = (n′ + 0.5)Φ0 + δΦ, where
δΦ≪ Φ0.
2. SUPERPOSITION OF MACROSCOPIC
QUANTUM STATES
The superconducting loop interrupted by the Joseph-
son junctions is a qubit if superposition of states nq = n
′
and nq = n
′ + 1 can be assumed. This superposition is
considered as an analogue of the superposition of spin
1/2 projections [12] and is written in the same way [4]
ψ = α| ↑> +β| ↓> (2)
The Hamiltonian of the flux qubit
Hq = ǫσz −∆σx (3)
is also written [9, 13] by analogy with the Hamiltonian
of spin 1/2 using Pauli matrices σz , σx [14]. Energy of
the states nq = n
′ (| ↑>) and nq = n′ + 1 (| ↓>) [13]
ǫ = |IpδΦ| (4)
depends on the deviation δΦ of the magnetic flux Φ =
(n′ + 0.5)Φ0 + δΦ = (n
′ + 0.5 + δf)Φ0 from Φ =
(n′ + 0.5)Φ0. For δΦ = 0, the energies of the two states
are equal ǫ = 0. But the energy levels should be split in
the presence of quantum tunneling with tunneling energy
∆ [4, 10]. The observation of the splitting of the levels
[9], the Rabi oscillations [9] and some other effects are
considered to be the experimental evidences of superpo-
sition of states nq = n
′ (| ↑>) and nq = n′+1 (| ↓>) since
these effects are consistent with a textbook quantum me-
chanical prediction, which generally ascribes a non-zero
complex amplitude to each of the states (1). But the Rabi
oscillations, as it is noted correctly in [3], is not necessar-
ily inconsistent with a classical value-definite description,
which prescribes that the system is in exactly one state
at any given moment. The splitting of the levels and
2other effects also does not guarantee evidence of super-
position of states since the assumption of superposition
of macroscopic quantum states of flux qubit contradicts
to macroscopic realism [1]. Special theorems (so-called
no-go or no-hidden-variables theorems [15]) were pro-
posed to prove the impossibility of realistic description
(i.e. without the assumption of superposition of states)
quantum phenomena. A.J. Leggett and A. Garg have
suggested such theorem for macroscopic quantum sys-
tems, considering as example the superconducting loop
interrupted by the Josephson junctions [1].
3. OBSERVATION OF THE EIGENSTATES OF
FLUX QUBIT
According to the formalism of quantum mechanics for-
mulated by von Neumann [16] quantum state should
change in two fundamentally different way: Process 1
- the discontinuous change at measurement, in which the
jump from an original state ψ = Σiaiφi to an eigenstate
φi of a dynamical variable that is being observed (with
the probability |ai|2) occurs and Process 2 - the con-
tinuous deterministic change of the state ψ(t) or φi(t) of
an isolated system with time. The jump during measure-
ment was postulated first by Dirac in 1930 [17]. Therefore
it is called sometimes the Dirac jump. Having made the
statement ”after the first measurement has been made,
there is no indeterminacy in the result of the second”
[17] Dirac postulated a change in the quantum state: ”In
this way we see that a measurement always causes the
system to jump into an eigenstate of the dynamical vari-
able that is being measured” [17]. Dirac jump is known
also as wave function collapse or reduction of quantum
state, in terms introduced by von Neumann [16]. Thus,
the measurement process plays an active role in quantum
mechanics. When measuring, the quantum system must
jump from the superposition of states (1) to the eigen-
state of the dynamical variable that is being measured:
in the eigenstate | ↑> with the probability |α|2 or in the
eigenstate | ↓> with the probability |β|2. Therefore it is
important how the states of the flux qubit are measured
[13].
In most experiments to date this has been done by
coupling the flux qubit inductively to a dc SQUID (Su-
perconducting Quantum Interference Device, a super-
conducting loop interrupted by two Josephson junction)
[18, 19, 22]. The critical (switching) current of the dc
SQUID depends periodically Ic(Φ) on the total magnetic
flux Φ threads the dc SQUID loop. The total magnetic
flux is the sum Φ = Φext+∆ΦI = BS+LIp of the great
flux Φext = BS of external magnetic field B and the
small magnetic flux ∆ΦI = LIp induced by the persis-
tent current Ip (1) of the flux qubit [18, 19, 22]. The fun-
damental quantity, whose behaviour is of interest, is the
small magnetic flux ∆ΦI = LIp. This quantity changes
on the value 2LIc,J sinπ/3 with the jumps of the state
of flux qubit between nq = n
′ and nq = n
′ + 1. The
value 2LIc,J sinπ/3 is usually much less (about a hun-
dred times) the great flux Φext = BS of external mag-
netic field B [18, 19, 22]. Thus, small changes of the
critical current of the dc SQUID Ic(BS + LIp) induced
by the jump of the flux qubit state is observed against
the background of a large change connected the external
magnetic field B [18, 19, 22]. Therefore method of the
measurements of the small magnetic flux ∆ΦI = LIp dif-
fers from the common method of measuring the magnetic
flux with the help the dc SQUID [23, 24].
The voltage at a bias current Ib rather than the switch-
ing current is measured usually [23, 24]. The voltage
depends on the critical current of the dc SQUID Ic(Φ)
when Ib > Ic and therefore the voltage change allows to
detect the change of the magnetic flux Φ [23, 24]. This
method is difficult to use in the case of the flux qubit be-
cause the change in the critical current of the dc SQUID
is very small when the state changes between nq = n
′
and nq = n
′ + 1. Therefore the switching current Isw is
measured [18, 19, 22]. In order to measure the switch-
ing current Isw the bias current increases from Ib = 0
to Ib ≈ Ic(Φ) when the escape of the dc SQUID from
the zero-voltage state is observed. The states of the flux
qubit influence on the value of the switching current due
to its inductive coupling with the dcSQUID [18, 19, 22].
Each run of the bias current from Ib = 0 to Ib ≈ Ic(Φ)
may be considered as an act of measurement of the flux
qubit state. The authors [19, 22] repeat the act of mea-
surement tens of thousands of times in a narrow region
of the magnetic flux 0.03 > δΦ > −0.03 and observe the
values of the dc SQUID switching current correspond-
ing to the states nq = n
′ and nq = n
′ + 1 of the flux
qubit. Such a measurement protocol is very far from the
von Neumann projective scheme [13]. Moreover the same
value of the switching current should be observed since
the same dynamical variable is measured and the system
should jump into its eigenstate at the first measurement
according to the Dirac postulate [17]. The different states
nq = n
′ or nq = n
′ + 1 of the superposition (2) are ob-
served [19, 22] contrary to the Dirac postulate [17]. The
probability P of finding the states nq = n
′ or nq = n
′+1
depends on the energy (4) and is describe by the Arrhe-
nius law
P (n′) ≈ exp−ǫ/kBT
exp−ǫ/kBT + exp ǫ/kBT =
1
1 + exp 2θδf
(5)
according to the measurement results [21]. Here θ =
IpΦ0/kBT . The contradictions between the measure-
ment results [19, 21, 22] and the basics of quantum me-
chanics makes it relevant alternative methods for obser-
vation the states of the flux qubit.
34. THE SUPERCONDUCTING DIFFERENTIAL
DOUBLE CONTOUR INTERFEROMETER
(DDCI)
The method proposed in this work is based on a new
device, the superconducting differential double contour
interferometer (DDCI) studied in [25]. DDCI consists
of two superconducting contours. The contours are ar-
ranged one above the other and separated by a dielec-
tric in the ideal DDCI shown in Fig.1. The contours
are weakly coupled by Josephson junctions Ja and Jb in
two points, Fig.1. The bias current flows into the upper
loop, passes through the Josephson junctions Ja, Jb in
the lower loop and flows out the other side of the lower
loop, Fig.1. It was shown theoretically [26] that the max-
imum value of the superconducting bias current
Is = Ia sinϕa + Ib sin(ϕa + π(nu + nd) (6)
through the DDCI (i.e. the critical current Ic) depends
only on the parity of the sum nu+nd of quantum numbers
of the upper loop nu and the bottom loop nd: Ic,e =
Ia + Ib when the sum is even nu + nd = 2n (Ic = 2Ia
at Ia = Ib) and Ic,o = |Ia − Ib| when the sum is odd
nu + nd = 2n+ 1 (Ic = 0 at Ia = Ib). The idea of such a
device was inspired by experimental results [27] and their
explanation [28]. The critical current Ic of the DDCI and
the voltage at the bias current Ic,o < Ib ≈ Ic,e should
jump at a great value when the quantum number change
in one of the loops. Therefore the DDCI is an ideal device
for observation of the states of the flux qubit. The states
can be observed when one of the loops of the DDCI is
flux qubit, Fig.1.
Measurements have corroborated the voltage jumps
when the quantum number in one of the loops change
and a bias current Ib > Ic,o flows through the DDCI
[25]. The both superconducting loops of the DDCI used
in [25] were not interrupted by the Josephson junctions.
Therefore the quantum number changed when the per-
sistent current Ip,i = (niΦ0−Φ)/Lk in the loop i reached
a critical value Ic,i ≈ Φ0l/2πξ(T )Lk with the magnetic
flux Φ variation [29, 29] rather than at Φ ≈ (n′+0.5)Φ0.
Here Lk is the kinetic inductance; l is the length of the
loop; ξ(T ) is the coherence length of the superconduc-
tor. The voltage jumps up when the sum nu + nd be-
comes odd because of the change the quantum number
in one of the loops and returns back when the quan-
tum number changes in another loop [25]. The period
B0 = Φ0/S between the jumps up or down corresponds
the flux quantum Φ0 inside the loop [25]. More than
1000 jumps with period B0 ≈ 0, 053 Oe were observed
at low temperatures in the interval 30 Oe < B < 30 Oe
at the measurement of the DDCI with the side of the
square loops a ≈ 20 µm and the area S = a2 ≈ 400 µm2
[25]. The superconducting current (6) and the critical
current through the DDCI should not depend directly on
the magnetic field in the ideal case, when the loops are
arranged exactly one above the other, Fig.1. The loops of
the DDCI used in [25] were shifted relatively each other
FIG. 1: Scheme of the superconducting differential double
contour interferometer. The bottom loop (shown in black) is
a solid superconducting loop. The upper loop (shown in gray)
is the flux qubit with three Josephson junctions J1, J2, J3 (in-
dicated by white rectangles). The upper circuit is separated
from the lower loop by a dielectric layer, except for two points
(indicated by black circles) in which the phases of the wave
function of the two circuits are connected by the Josephson
junctions Ja, Jb. The critical current through these junctions
is much less than the critical current of the Josephson junc-
tions of the flux qubit Ja, Jb ≪ J1, J2, J3. The measuring bias
current flows into the upper loop, passes through the Joseph-
son junctions Ja, Jb in the lower circuit and flows out the
other side of the lower circuit.
on ash ≈ 0, 6 µm because of the simple shadow evapora-
tion technique used for the fabrication of the real device.
Therefore the amplitude of the voltage jumps was modu-
lated in the magnetic field with the period Bm ≈ 0.8 Oe
corresponding approximately to the mutual shift of the
loops Bm ≈ Φ0/aash
√
2, see Supporting Information of
[25].
5. THE THEORY OF THE DDCI WITH A FLUX
QUBIT AS ONE OF THE CONTOURS
The voltage jump |V (n′+1)−V (n′)| > 20 µV observed
in [25] allows to detect the quantum state of supercon-
ducting loop, in particular the flux qubit. The DDCI can
be used for observation of the state of the flux qubit when
the critical current of the Josephson junctions connecting
the two loops is much smaller than the critical current
of the Josephson junctions of the flux qubit which is one
of the loops of the DDCI Ja, Jb ≪ J1, J2, J3, Fig.1. The
critical current of the DDCI in this case is the maximum
superconducting current
Is = Ia sinϕa + Ib sinϕb (7)
4through the two Josephson junctions Ja and Jb. The
superconducting current is determined by the critical
current Ia, Ib and the phase difference ϕa, ϕb of these
Josephson junctions. The relation between ϕa and ϕb
is determined by the requirement of uniqueness of the
wave function in three circuits: 1) ld − ad − rd − bd − ld,
2) lu−J1−au−J3−bu−J2− lu and 3) lu−J1−au−ad−
rd−bd−bu−J2−lu, Fig.1. According to the first require-
ment
∮
l
dl∇ϕ = ϕld,ad + ϕad,rd + ϕrd,bd + ϕbd,ld = 2πnd
the phase difference between the points ad and dd should
be equal ϕad,rd + ϕrd,bd = πnd when the lower loop
without Josephson junctions is homogeneous in which
ϕad,rd + ϕrd,bd = ϕbd,ld + ϕld,ad and the persistent cur-
rent Ip,d in it is much larger than the Josephson criti-
cal current Ja, Jb. The influence of the measuring cur-
rent on the phase change in the lower loop can be ne-
glected when Ip,d ≫ Ja + Jb. Here nd is the quan-
tum number of the lower loop. The second requirement∮
l
dl∇ϕ = ϕlu,J1 + ϕ1 + ϕJ1,au + ϕau,J3 + ϕ3 + ϕJ3,bu +
ϕbu,J2 + ϕ2 + ϕJ2,lu = 2πnq determines the phase differ-
ence between points au and bu of the flux qubit, where nq
is the quantum number of the flux qubit. This require-
ment may be rewritten as ϕ1+ϕ3+ϕ2+2πΦ/Φ0 ≈ 2πnq
since ϕlu,J1+ϕJ1,au+ϕau,J3+ϕJ3,bu+ϕbu,J2+ϕJ2,lu ≈
qΦ/~ = 2πΦ/Φ0. The relationship between the phase
differences ϕa and ϕb can be found from the third re-
quirement
∮
l
dl∇ϕ = ϕlu,J1+ϕ1+ϕJ1,au+ϕa+ϕad,rd+
ϕrd,bd − ϕb + ϕbu,J2 + ϕ2 + ϕJ2,lu = 2πn.
In the equality ϕb = ϕa+ϕ1+ϕ2+(ϕad,rd+ϕrd,bd)+
(ϕlu,J1 + ϕJ1,au + ϕbu,J2 + ϕJ2,lu) − 2πn the quantum
number can be taken zero n = 0 since sin(ϕb − 2πn) ≡
sinϕb in (7). Then
ϕb = ϕa + ϕ1 + ϕ2 + πnd + π
Φ
Φ0
=
= ϕa + ϕ1 + ϕ2 + π(nd + n
′ + 0.5 + δf) (8)
We take Φ/Φ0 = n
′ + 0.5 + δf and nd = n
′ since the
states of the flux qubit should be observed near Φ =
(n′+0.5)Φ0 and when the quantum number of the lower
loop nd is constant. In this case the superconducting
current through the DDCI
Is = Ia sinϕa + Ib sin(ϕa + ϕ1 + ϕ2 + 0.5π + πδf) (9)
depends first of all of the sum of the phase changes ϕ1+ϕ2
on the two Josephson junctions of the flux qubit. The
sum of the integer numbers is taken zero nd+n
′ = 2n′ = 0
since sin(ϕa + ϕ1 + ϕ2 + 0.5π + πδf + 2πn
′) ≡ sin(ϕa +
ϕ1 + ϕ2 + 0.5π + πδf). The sum ϕ1 + ϕ2 is determined
by the equality
ϕ1+ϕ2+ϕ3 = 2π(nq− Φ
Φ0
) = 2π(nq−n′−0.5−δf) (10)
obtained from the second requirement. According to
the equality (10) ϕ1 + ϕ2 + ϕ3 ≈ −π at nq = n′ and
ϕ1 + ϕ2 + ϕ3 ≈ +π at nq = n′ + 1 when δf ≪ 1.
The phase differences should have the same sign because
of the equality of the current through the Josephson
junctions of the flux qubit Ip = I1sinϕ1 = I2sinϕ2 =
I3sinϕ3. Therefore the critical current Ic of the DDCI,
i.e. the maximum value of the superconducting current
(9) should jump on a big value when the state of the
flux qubit changes between nq = n
′ and nq = n
′ + 1:
for example, Ic ≈ max |Ia sinϕa + Ib sin(ϕa + π/6)| at
nq = n
′ and Ic ≈ max |Ia sinϕa + Ib sin(ϕa + 5π/6)| at
nq = n
′ + 1 when I1 = I2 = I3. The jump of the DDCI
critical current has maximum value when Ia = Ib and
the ratio between the critical currents I1, I2, I3 of the
flux qubit is such that ϕ1+ϕ2 = ϕ3: Ic ≈ 2Ia at nq = n′
and Ic ≈ 0 at nq = n′ + 1.
6. CONTINUOUS OBSERVATION OF THE
STATE OF THE FLUX QUBIT IN TIME
Measurements of the switching current of the DC-
SQUID, coupling inductively with the flux qubit, give
the different values corresponding to the states nq = n
′
and nq = n
′+1 with equal probability at Φ = (n′+0.5)Φ0
[19, 20]. The results [19, 20] do not allow to understand
why the observed states of the flux qubit change from
measurement to measurement. The states can change
because of the act of measurement or in time. The
method, used in the works [19–22], cannot be applied
for the observation of the change of the states nq = n
′,
nq = n
′ + 1 in time since in practice the magnetic cou-
pling of the DC-SQUID with the flux qubit is sufficiently
weak. In real qubit measurements, the magnetic flux
∆ΦI = LIp induced by the qubit circulating current Ip
is ∆ΦI = 10
−3Φ0 ÷ 10−2Φ0 [31]. Therefore, the state of
the qubit is observed with the help of numerous acts of
measurement in which the bias current applied to the dc
SQUID increases every time from Ib = 0 to Ib ≈ Ic(Φ)
[19–22].
The state of the flux qubit can be observed continu-
ously in time with the help of the DDCI thanks to the
great jump of the voltage at the change of the quan-
tum number of one of its loops [25]. The voltage jumps
|V (n′ + 1) − V (n′)| ≈ 20 µV are observed [25] when
the bias current Ib ≈ 0.02 µA is much less than typi-
cal values of the persistent current Ip ≈ 0.5 µA of the
flux qubit measured in [18, 21, 22]. The requirement
Ja, Jb ≪ J1, J2, J3 will be fulfilled if we will combine the
flux qubit measured in the works [18, 21, 22] and the
DDCI device investigated in the work [25]. The technol-
ogy allows to increase the difference between the values
Ja, Jb and J1, J2, J3 and, thus, to investigate the influence
of the bias current Ib on the behaviour of the flux qubit.
The critical current of the DDCI, i.e. the maximum value
of the superconducting current (9), should depend on the
state of the flux qubit when δf ≪ 1: at nq = n′ the
phase differences are negative ϕ1 + ϕ2 < 0 according to
(10) and the critical current has a minimal value Ic,min
(Ic,min = 0 in the ideal case) whereas at nq = n
′ + 1 the
5phase differences are positive ϕ1 + ϕ2 > 0 and the crit-
ical current has a maximum value Ic,max (Ic,max = 2Ia
in the ideal case). Therefore the voltage jump will be
observed when the state of the flux qubit changes and
in the case when the bias current exceeds the minimal
critical current Ib > Ic,min.
Any observations of the voltage jumps (or their ab-
sence) at a bias current constant in time can be of funda-
mental importance. The absence of the jumps may mean
that the changes of the flux qubit state from measure-
ment to measurement observed in [19–22] occur because
of the act of measurement. If the jumps will be observed,
then it will be possible to measure the frequency of the
switching between the states of the quantum two-level
system with the strongly discrete spectrum. Measure-
ments of the frequency spectrum and its dependence on
temperature and other parameters can provide impor-
tant information about such systems. In particular such
measurements can give an additional information about
thermally activated behavior and macroscopic quantum
tunneling [32–34]. It is not excluded that the observation
of the flux qubit state with the help of the DDCI will al-
low to clarify the nature of the strange χ-shaped crossing
of the distribution of the switching current as a function
of the applied magnetic flux observed in [21, 22]. The
results of the single-shot readouts correspond to the two
values of the persistent current (1) of the permitted states
nq = n
′, nq = n
′ + 1 of the flux qubit at |δΦ| > 0.002Φ0
[21, 22]. But the switching current measured at δΦ = 0
correspond to the value of the persistent current Ip = 0
forbidden according to the quantization condition (1).
7. USING THE DDCI WITH THE FLUX QUBIT
TO MEASURE MAGNETIC FLUX
The probability (5) changes in a narrow interval of the
magnetic flux from 1 at δf ≈ −0.01 to 0 at δf ≈ 0.01 [21]
due to the strong discreteness of the permitted state spec-
trum of real superconducting loop. The value IpΦ0/kB
corresponds to the temperature ≈ 100 K at the persis-
tent current Ip ≈ 0.5 µA of the flux qubit investigated in
[21] and θ = IpΦ0/kBT ≈ 100 at T ≈ 1 K [25]. There-
fore the average value of the switching current Isw =
P (n′)Isw(n
′)+P (n′+1)Isw(n
′+1) changes in the inter-
val |δf | ≈ 0.01 which is much smaller than the interval of
the magnetic flux |δf | ≈ 0.5 in which the critical current
of the dc SQUID changes [24]. The average value of the
critical current Ic = P (n
′)Ic(n
′) + P (n′ + 1)Ic(n
′ + 1) of
the DDCI with a flux qubit as one of the contours should
also change in this narrow interval. The voltage
V = Θ−1
∫
Θ
dtV (t) ≈ VminP (n′) + VmaxP (n′ + 1) (11)
averaged in time Θ should also change in this narrow
interval since the jumps of the voltage are observed at
the change of the quantum number of the loop, accord-
ing to the experimental results [25], when a bias current
Ib > Ic,o flows through the DDCI. The averaging time Θ
should exceed the period between the jumps. We don’t
know how often the flux qubit will switch between the
permitted states nq = n
′ and nq = n
′ + 1. It has to
be measured. But it can be expected that the switching
frequency can be high in some cases.
The sensitivity of the dc SQUID is determined by the
steepness of the voltage dependence on the magnetic flux,
i.e. the gradient (∂V/∂Φ)I [23]. The critical current
and the voltage of the dc SQUID changes in the interval
∆Φ = Φ0/2 according to the relation Ic = 2Ic,j| cosπΦ|
[24] valid in the case of weak screening β = 2LIc,j/Φ0 ≪
1 [23]. The voltage change in this interval ∆V = Rd∆Ic
cannot exceed the value RdIc < ∆/e, where Rd is the
dynamical resistance of the Josephson junctions, ∆ is the
energy gap of the superconductor and e is the electron
charge [24]. Therefore the maximum value (∂V/∂Φ)I of
the classical dc SQUID cannot exceed 2∆/eΦ0. The real
value (V/Φ)I ≈ 2 µV/Φ0 [23] of a typical dc SQUID
is substantially smaller than the maximum value. The
voltage jumps Vmax − Vmin ≈ 20 µV observed in [25] is
smaller the maximum possible value but the theory does
not exclude that the jump can reach this value. The
sensitivity of the DDCI with a flux qubit as one of the
contours can significantly exceed the sensitivity of the
conventional dc SQUID thanks to the small interval of
change in the average voltage (11). For example, the
gradient (∂V /∂Φ)I can exceed ≈ 20 mV/Φ0 when the
voltage jump Vmax− Vmin ≈ 20 µV [25] and the interval
of the probability P (n) change is equal |δf | ≈ 0.001, as
it is observed in [21] at the temperature T ≈ 0.25 mK.
This interval can be observed at a higher temperature
when the flux qubit with a higher persistent current Ip is
measured since |δf | ≈ 1/θ = kBT/IpΦ0 according to (5).
The DDCI has the advantage in the measurement
of extremely small magnetic field. The sensitivity of
the magnetic field B is determined by the sensitivity of
the magnetic flux Φ and the area of the loop S since
B = Φ/S. The area S of the dc SQUID cannot be too
large because of the strong screening ΦI = LIc,j > Φ0/2
in the loop with a high magnetic inductance L ≈ µ0l
in which β = 2LIc,j/Φ0 > 1 [23]. Therefore the flux
transformer is used for the measurement of extremely
small magnetic fields [23]. The area S of the DDCI
loops can be large since the magnetic flux ΦI = LIp =
(L/Lk)(nΦ0−Φ) ≈ (s/λ2L(T ))(nΦ0−Φ) [35] induced by
the persistent current Ip does not depend on the loop
size l. Therefore the DDCI can be used for the measure-
ment of extremely small magnetic field without of the
flux transformer.
8. CONCLUSION
We draw readers attention on the fundamental and
practical importance of the voltage jumps at the change
of the quantum number of one of the loops of the su-
perconducting differential double contour interferometer
6(DDCI) observed in [25]. This jumps allow to investi-
gate experimentally a dynamic behaviour macroscopic
quantum systems such as the flux qubit. These funda-
mentally new investigates can help to answer questions
that arise in connection with the superposition of macro-
scopic quantum states and quantum tunneling between
these states: for example, ”How can the superposition
of states with macroscopically different angular momen-
tum be possible?” [36]. Questions arise in the connec-
tion not only with quantum tunneling, but also with
thermal activation and non-equilibrium noise. The mag-
netic moment Mm = IpS and the angular momentum
of Cooper pairs Mp = (2me/e)Mm change on macro-
scopic values ≈ NsµB and ≈ Ns~ at the switching of
the quantum states between n′ and n′ + 1 in all these
cases: for example, the magnetic moment equals approx-
imatelyMm ≈ 0.5 105 µB and the angular momentum of
Cooper pairs equals Mp,n′ ≈ 0.5 105 ~ when the persis-
tent current Ip ≈ 5 10−7 A and the area S ≈ 10−12 m2
correspond to the typical flux qubit [9]. Here Ns is the
number of Cooper pairs in the loop, µB is the Bohr mag-
neton and ~ is the reduced Planck constant.
What force can change the angular momentum on the
macroscopic value? According to the Ehrenfest theorem
[37] Newton’s second law can be applied to average values
of quantum systems. We may write dMp/dt = rFx if the
Ehrenfest theorem can be applied to macroscopic quan-
tum system such as superconducting ring with the radius
r. We know from the experimental results [19–22] that
the angular momentum of Cooper pairs in the flux qubits
changes on the value ∆Mp = |Mp,n′+1 −Mp,n′ | ≈ 105 ~.
If this change occurs under the influence of a force Fx,
we can estimate the magnitude of this force by observ-
ing the dynamics of the state change and measuring the
time during which this change occurs. The question of
the force changing the angular momentum is particularly
relevant in connection with the observations of the dc
potential difference Vdc on asymmetric superconducting
rings with the persistent current Ip [38, 39]. The persis-
tent current flows against the total electric field in one of
the ring halves according to these observations [40].
Quantum theory predicts the jump of the critical cur-
rent at the change of the quantum number not only
of the DDCI loops but also superconducting rings with
asymmetric link-up of current leads. The probability of
the quantum states n′ and n′ + 1 of superconducting
rings with asymmetric link-up of current leads should
also change in the narrow interval of magnetic flux δΦ
near Φ = (n′ + 0.5)Φ0 in accordance with the Arrhenius
law (5). The change of the average value of the critical
current and the voltage (11) in a small interval of the
magnetic flux δΦ was proposed to be used to create a
magnetometer with high sensitivity and easy to manu-
facture [41]. But the first measurements of aluminium
rings with asymmetric link-up of current leads revealed
that a smooth change of the critical current is observed
near Φ = (n′ + 0.5)Φ0 instead of the jump [42], contrary
to the theoretical prediction. In contrast to these ex-
perimental results, the observations of the voltage jumps
[25] guarantees the possibility to make a sensitive mag-
netometer based on the DDCI.
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